Current urban and district energy management systems lack a common semantic referential for effectively interrelating intelligent sensing, data models and energy models with visualization, analysis and decision support tools. This paper describes the structure, as well as the rationale that led to this structure, of an ontology that captures the real-world concepts of a district energy system, such as a district heating and cooling system. This ontology (called eedistrict ontology) is intended to support knowledge provision that can play the role of an intermediate layer between high-level energy management software applications and local monitoring and control software components. In order to achieve that goal, the authors propose to encapsulate queries to the ontology in a scalable web service, which will facilitate the development of interfaces for third-party applications. Considering the size of the ee-district ontology once populated with data from a specific district case study, this could prove to be a repetitive and time-consuming task for the software developer. This paper therefore assesses the feasibility of ontology-driven automation of web service development that is to be a core element in the deployment of heterogeneous district-wide energy management software.
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Introduction
Heterogeneity of data representation models and communication protocols is one of the numerous challenges faced by novel urban energy systems, such as microgrids and district heating and cooling networks [1] [8] . Further, the optimal coordination of the distributed energy resources is a complex problem that requires intelligent software control [4] [9] [5]. The components of such intelligent software energy management 10 frameworks need to be able to retrieve dynamic local data from a wide range of devices and systems, including sensors, smart meters, actuators, BMS (building management systems), EMS (energy managements systems), that do not necessarily share common data models or communication protocols, as is the case in the context of an urban district. This paper addresses this gap through 15 an ontology-based software to support the semantic integration of local energy management systems with district-wide intelligent coordination software.
The application of ontologies as a common vocabulary among agents will be presented within the context of European project RESILIENT. This project aims to couple renewable energy sources and energy storage within low carbon 20 urban environments [10] , through the application of a novel ICT framework.
Specifically, RESILIENT couples real-time sensor data and weather forecasts with a simulation engine and a semi-automated optimization engine to provide decision support to all energy management stakeholders from both an environmental and a market-driven perspective. Further, RESILIENT aims to answer 25 the following overarching question: can these heterogeneous physical and virtual components be effectively integrated through a District Information Model (DIM); a semantically formalised description of the socio-technical state of the network? In order to support the objectives of the RESILIENT ICT framework, the final product of this research will play the role of a mediator, i.e. 30 an intermediate layer between the clients (the software frameworks that automate decision-making on the district energy system) and the local servers (the BMS/EMS that control and monitor the various components of the district energy system) [11] . A common vocabulary is required to overcome the diversity of metadata in both the intelligent energy management frameworks and the local 35 BMS and EMS. A domain specific ontology is used to capture the underlying real-world concepts that are represented by these metadata (the domain here is district scale energy management) [12] . The development process of the mediation component depends on the machine-interpretable knowledge expressed by this domain ontology. Such an ontology, once deployed in the right opera-
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tional environment, can support real time knowledge querying by the underlying multi-agent framework [13] . The research presented in this paper produced a two-fold solution to the issue of deploying district-wide energy management software. Firstly, in order to provide a semantically accurate representation of the district physical components and stakeholders, a socio-technical ontology of dis- 45 trict energy, named ee-district has been developed. The name ee-district stands for energy efficient district, as its final application is intended to be the optimal coordination of the district energy resources. Secondly, a preliminary way of consuming the ee-district ontology has been implemented. The development of a semi-automated web service generator should facilitate the integration in 50 district-scale energy systems of:
• software components intended to monitor or control energy resources and infrastructures in the district (whether they are accessible directly or through a BMS );
• and software components intended to map the presented data model of 55 these resources and infrastructures with the ee-district semantic model.
The objective of this research is to assess the feasibility of ontology-driven automation of web service development that is to be a core element in the deployment of heterogeneous district-wide energy management software. Following this introduction, Section 2 establishes the grounds for the development of the ee-district ontology by means of a real-world use case. Then, Section 3 gives a short literature review in the related fields of semantic modelling applied to energy applications, ontology engineering methodologies and metaprogramming.
In light of this theoretical background, Section 4 presents the methodology followed by the authors to develop the ontology and the web service generator.
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Section 4.3 details the architecture of the ee-district ontology. Sections 5 and 6 discuss the effectiveness of the designs presented in the previous section by means of their implementations. Section 7 discusses notable related works and the potential benefits of the ontology-driven generation of web services to the field of urban energy management before the conclusion gives an overview of 70 the work achieved as well as directions for future work.
Motivating use case
The RESILIENT project should cater to a wide range of socio-technical energy management problems faced by facility managers or owners. These problems are getting more complex due to the increasing amount of factors that 75 needs to be taken into account, to deliver a holistic (i.e. systems engineering) solution. One such case study was identified in the Ebbw Vale pilot site.
The district information model aims to cater to such problems. The Ebbw Vale pilot site, a district named The Works, is situated in South Wales, United Kingdom covering a total area of 750,000 m2. It has newly constructed, as well as 80 retrofitted, buildings, operating in various sectors educational, commercial and leisure. As shown in Figure 1 , the site consists of a learning centre, schools, offices, a multi-storey car park, a leisure centre and an energy centre. The energy centre is the source of heating to buildings and also provides low voltage electricity directly to the learning centre and the car park. The energy centre 85 consists of a 342 kW gas-fueled CHP (Combined Heat and Power), a 1.6MW
biomass boiler, and additional supplementary gas boilers. It is also the main source of heating energy for the buildings on site. The CHP produces electricity, which is used mainly by the learning centre. Electricity is also being supplied by an 8 MW HV ring main supply. One of the use cases identified in this pilot 90 site involves optimising the multi-energy generation mix of the energy centre.
Currently the heat exchangers of the energy hub, which provide district heating, work at fixed setpoints. Optimisation of setpoints according to varying demand and environmental conditions could bring about significant energy savings and greenhouse gas emission reduction. The ee-district ontology help capture se-95 mantic knowledge in a district, like Ebbw Vale, and makes this information machine understandable. The information collected consequently helps decision making software to optimise the day to day operations in the district. The optimization aims to reduce green house gas emissions whilst taking into account the various constraints -technical, environmental, economical. The proposed 100 ee-district ontology will play a key role in supporting the delivery of semantic optimization and decision making capabilities as elaborated in the paper.
Theoretical Background
This section summarizes the relevant literature with a focus on: ontologies for energy management, ontology engineering methodologies, and metaprogram-105 ming and web services.
Ontologies for energy applications
Semantic modelling in energy applications has the potential to support (a) NeOn and UPON, for more modularity and flexibility.
Metaprogramming and web services
The main benefit of the research presented in this paper is to present the knowledge expressed in the ee-district ontology in a way that is immediately ex- can also be noted that, considering the small amount of written or digital artefacts documenting the processes involved in the case study district energy management, the authors did not use text-mining techniques that build ontologies semi-automatically [37] .
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Information models provide a representation of concepts and their relationships, constraints and operations to specify data semantics. The RESILIENT information model is referred to as District Information Model of energy efficient applications (ee-DIM) and contains the structured information the ICT framework will rely on, i.e. the ontology for energy efficient district (ee-district).
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All district elements (e.g. buildings, energy systems, network, and users) are formalised in order to allow information to be later processed by software tools.
The formalisation is made using an ontology that defines: the elements; their characteristics; their relationships; and the constraints to which they are subjected. Early-stage domain knowledge acquisition is crucial to understand how 260 the ontology is to be used by a third party software or user in the scope of the project. The district energy ontology developed in this work is designed for district multi-energy coordination involving combinations of storage systems, generation units, cogeneration units and energy users, in order to:
• answer queries from decision-making systems (e.g. optimization algo-265 rithms, agent-based software); and,
• ensure interoperability between the district coordination entities and building/energy resource levels (requiring mapping interface software, which are not in the scope of this paper).
The methodology adopted by the authors, which borrows from the more A set of questions is also dedicated to the general day-to-day operations of the 295 district. The questionnaire was answered through a series of interviews, both in person, over the telephone or using electronic forms, and further developed through site visits. A quota sampling technique was used for sampling where in it was targeted at personnel working in the district from different domains.
Inputs to the questionnaire were given by the facility manager, the IT manager, 300 the business development officer and the electrical engineer. Like stage one, the development of the questionnaire was also an iterative process. This was also followed in [4] mainly because it enables delimiting the scope of the research and to a certain extent also helps define the tools needed by stakeholders. Furthermore, use cases/scenarios are identified during this stage, which help to 305 determine the scope of the ontology from the application perspective (end use).
Analysis of acquired knowledge
The following stage of the methodology followed by the authors aimed to identify the relevant concepts, classify them into a taxonomy and map them with the concepts of abstract, domain-independent, existing ontologies. This The ontology produced by the authors would therefore model all the district entities (energy producers, distributors, consumers, storage facilities); the infrastructure for transfer of load (pipelines, power cables); the load schedules; the demand and supply trends or patterns; the major constraints of the overall system and some individual entities; the objectives that are to be met. Most importantly, the relationships between these entities need to be incorporated into the ontology. Once the objectives are clearly defined, it is important to identify the different physical components installed in a district as well as the stakeholders involved. This produces an overview of how the district is currently operated. This first site study helps define the scope of the information were concluded during this stage are:
• the ontology is to be used to model energy-related information at district level;
• the ontology should support the development of tools, which enable realtime decision making for district energy optimization;
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• it is to be developed using the OWL Semantic Web Language, providing the ontology engineers with a good extension of modelling formalisms;
• and the ontology needs to be linked with other standards and accepted ontologies. 
Conceptualisation of district electricity distribution network
Main grid Area power system operator Point of common coupling Microgrid bus Microgrid bus Feeder Point of load connection Electrical load Building owner Building manager Building end user Point of resource connection Microsource (Distributed Energy Resource) Resource aggregator Resource maintainer Resource operator Resource owner Multi-generation system Co-generation system Tri-generation system Single generation system renewable source non-renewable source Point of storage connection Storage system Storage aggregator Storage maintainer Storage operator Storage owner EMS
Implementation architecture of the district energy information model
In the RESILIENT project, a district is defined as a holistically managed and self-encompassing built environment entity composed of a diverse social community, a grouping of buildings, public spaces, roads, undergrounds and utilities, including the energy supply sub-systems, which form the focus of this 355 paper. A district energy system is a system from the system thinking viewpoint [42] , as it is a set of coherently organised and interconnected components (buildings, facilities and infrastructures as well as a community of stakeholders and end-users) that produces a characteristic set of behaviours in order to achieve the liveability and the sustainability of the district. Considering the level of au-360 tonomy exhibited by the different parts of a district, the duality between their own purposes and the district overall purpose, the potential dynamics of their interconnection, their relative independence, and the unforeseen emergence of a global behaviour, a district energy system is also a system of systems [43] .
Conceptualisation of district heating distribution network
Ring-main pipe As well as modelling districts as both a system and a system of systems, it is 365 also useful to consider a district as a socio-technical system when aiming to holistically model its behavior. Van Dam describes a socio-technical system as a number of separate yet interacting systems from the both social and physical domains where each is governed by its own laws [44] . By adopting this modelling paradigm it is possible to formalize the effects of cross-contextual interactions 370 within a system. As a district consists not only of the buildings and infrastructures within it but also the people and organisations, it is useful to consider a district as a socio-technical system to understand these complex interactions.
The semantic web environment, introduced in Section 4, can serve as the foundation for the representation of systems. It lacks however the features (such 375 as expressivity for topological/mereological relationships or social vs technical interactions) that have been used to build a model of energy efficient district (the ee-district ontology) that grasps both the conceptualisations depicted in Table 1 : Informal competency questions, dynamic monitoring.
Dynamic monitoring
What is the electricity demand or electricity load given a consumer name and a timestamp What is the heating demand or heating load given a consumer name and a timestamp What is the total electricity demand for a given timestamp
What is the total heating demand for a given timestamp
What is the total generation capacity of heat for a given timestamp
What is the total generation capacity of electricity for a given timestamp
What is the schedule of production given a producer name and day
What is the schedule of consumption given a consumer name and day
What is the rate of production given a producer name and timestamp
What is the heat load given a consumer name and timestamp

What is the electricity load given a producer name and timestamp
What is the energy loss given physical connection and timestamp
What is the cost of buying electricity/gas from the national grid for a given timestamp What is the cost of producing heat/electricity for a given component and timestamp What is the cost of storing energy for a given component and timestamp Figure 3 and Figure 4 and the three system theories (system thinking, system of systems and socio-technical systems) mentioned in the previous paragraphs.
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Competency questions are also a useful way to determine the scope of the ontology where a set of questions are listed; which a knowledge base based on the ontology should be able to answer [19] . Competency questions are sketches; hence the list in Tables 1 and 2 is not exhaustive. The ee-district ontology is built by extracting the abstract concept(s) embedded in the competency ques- 
Static topology
Name the producers that supply electricity to the entity given a consumer name Name the producers that supply heat to the entity given a consumer name Name the companies that operate the metering devices that measure the amount of heat consumed by the entity given a consumer name Name the companies that operate the metering devices that measure the amount of electricity consumed by the entity given a consumer name
Optimisation
List constraints given a consumer name
List preferences/priorities given a consumer name
List constraints given a producer name
List preferences/priorities given a producer name
Topological information
List all the connections given a producer URI List all the connections given a consumer URI List all the physical boundaries given a physical connection URI List the maximum capacity of given a physical connection URI energy systems) in order to answer them (and to implement the corresponding SPARQL queries later on). This can be achieved by reusing relevant parts of existing ontologies, each of them fulfilling a specific abstraction or domain-related need, thus leading to a modular approach [45] . All these ontology modules, Upper Merged Ontology (SUMO [47] ) and the Wikipedia-based DBPedia [48] ontology. The main modules that constitute the semantic substructure of the ee-district ontology are:
• mereology: the mereology module defines part-whole relationships of two 405 types, aggregation and composition.
• topology: the topology module defines connectedness models, node and edge concepts.
• system: the system module provides conceptualisations of systems, kinds of systems and taxonomical semantics for hierarchical systems of systems.
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• time: emergent properties of systems are path-dependent [49] , the sequence of past decisions influences the current behaviour. The time module defines a specific coordinate system for time-dependent data that goes beyond the built-in XML time constructs.
• physical dimension: the physical dimension module allows the represen-415 tation of physical quantities, dimensions and units, that are required to describe physical and economic properties of the district energy system components.
• socio-technical system: it allows the representation of real or abstract networks both at a technical level (involving physical elements) and social 420 aspects (involving decision making entities).
• domain ontologies: all the modules above are domain independent, but the district energy ontology also relies on domain specific ontologies. Some reused ontology modules are derived from standardised information models.
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Some of the ISO/IEC 61970 standards (Common Information Model), which define the API (application programming interface) for EMS systems, are examples of domain ontologies and they were incorporated into the ee-district ontology.
Different software vendors develop their own independent Energy Managament System (EMS) applications; therefore, the IEC 61970 was defined to support 430 the integration of these various EMS applications, or distribution or generation management (aspects of power system operations). These APIs developed using these standards are therefore capable of accessing public data and exchange information regardless of how they are presented internally [50] . Because these standards are initially expressed as normative sets of UML packages, a transfor-435 mation into sets of OWL2 ontology modules is required. Although not exemplified in this research, similar transformation/mapping efforts exist between the Industry Foundation Classes (IFCs) and the Semantic Web languages [51] . The
IFCs specify a conceptual data schema and an exchange file format for Building
Information Model (BIM) data. The conceptual schema is defined in EXPRESS 440 data specification language [52] . The authors carried the model transformation task manually. It is worth mentioning that such a task can be automated using a model transformation tool, such as the ATLAS Transformation Language (ATL) [53] or the QVT languages [54] . It seems however that when the size and number of models to be transformed is still humanly reasonable, the overhead 445 time and effort to learn/configure such a tool has to be pondered. Another ontology module is reused from the GeoSPARQL standard, the Geography modulean RDF/OWL vocabulary for geographic information, which is maintained by the Open Geospatial Consortium [55] . Domain ontologies are the most flexible part of the network of ontologies that supports the ee-district ontology, as they OntoCAPEs Meta Model for the Design of Domain Ontologies [56] . The major extension to this Meta Model is that the ee-DIM aligns the target ee-district ontology with the domain-independent ontology modules (mainly system, topomereological and spatio-temporal modules) indirectly, by interposing the generic 460 socio-technical system ontology. The duality social/technical aspects is expressible in the proposed model, largely thanks to the reuse of the concepts from van Dams thesis [44] . Similarly to the transformation from one meta-model to another, and even though the authors carried the present alignment manually, the alignment of one ontology with another could be automatised [57] . In these two diagrams, as well as in Figure 6 , the representation follows the mapping of OWL2 with UML from the Object Management Groups Ontology Definition Metamodel [58] :
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• OWL 2 ontologies are mapped with UML packages;
• OWL 2 classes are mapped with UML classes;
• OWL 2 subclassing is mapped with UML generalisation;
• OWL 2 property pairs are mapped with UML associations.
Finally, the screenshot of GraphDB's class relationships visualiser in Figure 7 480
shows the number of relationships that exist between instances of a selection of ee-district classes (after the ontology has been populated with instances of three specific real-world district case studies).
Preliminary validation of the ee-district ontology
The authors validated the developed ontologies ahead of using them, not evaluate the adequacy to the final application (i.e. as the semantic backbone of software development for information management in district energy systems).
The first validation stage was performed thanks to existing automated tools.
W3Cs RDF/XML validator [59] and the University of Manchesters OWL val-490 idator [60] (both available online) were used to check the syntax of the ontology files.
The engine and rules integrated in TopBraid Composer [61] were used to third-party specifications (socio-technical system ontology, CIM ontologies) was the OntOlogy Piftall Scanner (OOPS) [63] . OOPS is an online tool that detects design anomalies in OWL ontologies and provides natural languages reports about the nature of the anomalies and suggestions to solve them. Some critical anomalies that were spotted by the OOPS tool, are missing inverse properties 510 and defining domains or ranges of properties as intersections instead of unions.
The objective of the second stage of validation is to check whether the ontology, once instantiated with knowledge from the case study presented in Section 2 and queried with relevant SPARQL queries, is able to answer the competency questions listed in Tables 1 and 2 . First, an ontology has been specifically cre-515 ated for the case studys district (the authors use the prefix name theworks for this ontology, Table 3 maps the prefixes with the prefix names used in this paper) by asking the district technical managers to fill template spreadsheets in order to collect knowledge and data. Then, components of the district energy system have been instantiated as instances of classes of the eedistrict ontology
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(in the OWL jargon, a named individual, featuring its URI, has been created for each district component). The specific ontology has been deployed into an ontology repository (OWLIM lite [64] , now known as GraphDB Free). The repository itself is hosted in one of the virtual servers of the HPC cluster at the authors institute. As a direct reflection of the informal competency questions,
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a Java program has been implemented using the SESAME API [65] (OWLIM lite being an implementation of the SESAME specification). The programs inputs are the SESAME server and repository configurations and the URI of the instance of eedistrict:DistrictEnergySystem. The program runs all competency queries for all instances related to the given instance of district energy system.
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An example of how a competency question (in this case, List all the connections given a producer URI) translates into a SPARQL query can be found in Figure 9 . The compactness of the SPARQL query is a result of relying on the expressivity of the abstract system and socio-technical system ontologies. Table 4 gives query times for the topological competency questions. Two series of query generated infrastructure can then be extended with more encapsulations/relays of complex SPARQL queries, according to the requirements of the client components. Figure 11 illustrates the flow of various middleware environments that have been used by the authors to achieve a semi-automated ontology-driven con- [66], facilitated by the source code manipulation functionalities of the Eclipse JDT infrastructure [67] . The end product of the generation process takes advantage of two Java specifications: the Java Architecture for XML Binding (JAXB) [68] and the Java API for RESTful Web Services (JAX-RS) [69] to facilitate the definition of web service architecture. Eventually, the web service produced 570 by the ontology-driven generator encapsulates the knowledge expressed in the ee-district ontologies. The code generation is therefore threefold:
• generation of the source code of the classes that encapsulate the ontology entities and their associated services;
• generation of the annotations of the source code that specify the web 575 services; and,
• generation of the queries that are embedded in the code. • obtain some knowledge related to a particular node or connection;
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• build an image of the entire topology of the local energy physical and social networks; and,
• obtain information about the mereological organisation of the district energy system.
Discussion
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A number of academic works within the field of urban/district energy sys- , where:
• *:x is the IRI of named individual x;
• JavaBeanClass creates a Java class with a valid name derived from the provided IRI annotated with XML bindings; • JavaConstructor adds a default Java class constructor with a valid name derived from the provided URI without arguments; • JavaBeanMember adds a member variable with a valid name derived from the provided URI , with the provided Java type and annotated with XML bindings; • JavaDatatype returns a Java type corresponding to the provided XML datatype;
• JavaConstant adds a constant declaration in the target Java class;
• JavaGetter adds a "get" method with a valid name derived from the provided URI in the target Java class; • JavaSetter adds a "set" method with a valid name derived from the provided URI in the target Java class; • JavaMember adds a member variable with a valid name derived from the provided URI and with the provided Java type; • JavaServiceConstructor adds a default Java class constructor with a valid name derived from the provided URI with or without arguments depending whether a type is provided; • JavaGetMethod adds a method that will respond HTTP GET requests; and JavaFindByURIMethod adds a method that will query the ontology repository (using the same configuration/credentials as the generation program), in order to build the requested instance of the associated Java bean class, the response will contain the XML representation of the instance. equally immature, such that direct relevance is sparsely observed within existing reviews. Regardless, the works which were observed to describe the most relevant trends, developments and challenges are as follows:
• Abanda et al. [73] -a recent work which reviews developments in semantic 625 web applications related to the built environment in general;
• Keirstead & van Dam [77] -whilst the authors specifically compare two ontologies, they utilize their experience to comment on the field as a whole;
• Zhou et al.
[2] -the authors dedicate a significant portion of this paper to summarizing the current state of the field and the motivation for semantic 630 modelling;
• Houwing et al. [6] -an early work arguing the application of socio-technical modelling within energy networks based on trends in the industry;
• Blöchle et al.
[3] -a recent work which presents the preliminary results of an EU project aiming to develop a roadmap for ICT usage in energy 635 efficient neighborhoods;
• Catterson et al. [78] -an early work which considers semantic interoperability between MAS solutions in a related field.
These works indicate an ongoing interest in pursuing the exchange of urban energy knowledge via ontologies. Additionally, it can be observed from several of 640 these works that the challenge of integrating systems utilizing different ontologies could be mitigated through the development of an "upper" or "common"
domain ontology, such as the one used in the design of the ee-district ontology as described in Section 4.3. This reiterates the need for substantial abstraction to be utilized in ontology development, as described in Section 4, in order for it 645 to be extensible and to more easily integrate it with ontologies of different domains and perspectives. As mentioned, the main application of ontologies and semantic technologies in the field is in providing a common language for software components to communicate via, so as to promote interoperability across systems and domains. [80] , [81] , where ontologies can be utilized for resource description and discovery. In a closely related field to that considered here, ontologies have been utilized successfully to support building energy management [82, 83, 84, 85, 86, 87] . The ability to quickly produce and deploy web services 660 based on shared domain ontologies, as exemplified in Section 6, would then greatly facilitate the development of supporting software that aim to interrelate intelligent sensing, data models and energy models with visualization, analysis and decision support tools. A systematic development work flow, abstracted by a shared domain ontology, would ultimately give rise to improved urban energy 665 management systems by better cross-system integration through lightweight, loosely coupled, platform and language independent web services [88] .
Conclusion
This paper has described the series of steps that led the authors from capturing knowledge related to a specific district energy system, conceptualizing this 670 in the form of an ontology, to the deployment of a web service that is intended to unify the access to relevant knowledge by energy management software applications. A brief description of the real world case study has been given to specify the context to which this research relates. Then, the authors described 
